A1351 



ELECTRICALLY- PROGRAMMABLE TRANSISTOR ANTIFUSES 

Background of the Invention 

This invention relates to antifuses, and more 
particularly, to electrically-programmable integrated 
circuit antifuses and methods for programming antifuses 
5 and sensing their states. 

Programmable fuses and antifuses are used in a 
variety of integrated circuit applications. For 
example, a programmable logic device may have logic that 
is customized by programming appropriate fuses or 
10 antifuses on the device. Fuses and antifuses may also 
be used to permanently switch redundant circuitry into 
place to fix reparable defects during the integrated 
circuit manufacturing process. Sometimes it may be 
desired to use fuses or antifuses to program a serial 
15 number or other special information into a circuit. 

Fuses and antifuses may be programmed using 

1 



special laser-based systems or may programmed 
electrically. 

With laser programming, each fuse or antifuse 
must be programmed in series, so the programming process 
5 can be lengthy. The programming equipment used in 

laser-based systems may also be complex and expensive. 

Electrically programmable fuses and antifuses 
are attractive because the need for laser-based 
programming equipment is eliminated and programming 

10 speeds can generally be increased. Such a fuse or 
antifuse should have a high ratio of programmed to 
unprogrammed resistance and should be capable of being 
programmed with low power in a short amount of time. 
For applications in which it is desired to keep the 

15 state of the fuses or antifuses secret after 

programming, such as when fuses or antifuses are used to 
store cryptographic information, it should be difficult 
.or impossible to use diagnostic tools such as scanning 
electron microscopes to determine whether a given fuse 

20 or antifuse has been programmed. 

It is an object of the present invention to 
provide improved programmable integrated circuit 
antifuses whose state is difficult to ascertain by 
reverse engineering . 

25 

Summary of the Invention 

Integrated circuit transistor antifuses are 
provided. Circuitry and methods for programming the 
antifuses and sensing their states are also provided. 
30 The antifuses may be based on metal-insulator- 

semiconductor transistor structures that are programmed 



by breaking down a gate insulator. The transistor 
structures may be metal-oxide-semiconductor (MOS) 
structures having gate insulators formed from an oxide 
such as silicon oxide. The state of the gate oxide 
5 (i.e., whether the gate oxide is intact or has been 

blown) is difficult to detect using reverse engineering 
tools such as scanning electron microscopes. This 
allows the antifuses to be used in applications that 
require the states of the antifuses to be kept secret. 

10 The gate oxide can be broken down using 

localized hot carriers. During programming of an 
antifuse, the MOS transistor structure in the antifuse 
is biased so that hot carriers are generated adjacent to 
a particular portion of the gate oxide. This breaks 

15 down the gate oxide in this localized area and programs 
the antifuse so that it conducts current. Because the 
break-down effect is localized, the programming power 
and time required to program the antifuse can be 
minimized. 

20 The antifuse transistor structure has source, 

drain, gate, and substrate terminals. To produce hot 
carriers at the gate to break down the gate oxide, the 
drain-substrate junction is reversed biased. This 
places the drain-substrate junction in avalanche 

25 breakdown and causes an avalanche breakdown current to 
flow. The avalanche breakdown current of the drain- 
substrate junction is enhanced by injecting carriers 
into the substrate by forward-biasing the substrate- 
source junction. 

30 Further features of the invention, its nature 

and various advantages will be more apparent from the 



accompanying drawings and the following detailed 
description of the preferred embodiments. 

Brief Description of the Drawings 
5 FIG. 1 is a schematic diagram of an 

illustrative integrated circuit having antifuses, 
programming circuitry for programming the antifuses, and 
sensing circuitry for sensing the states of the 
antifuses in accordance with the present invention. 
10 FIG . 2 is a circuit diagram of illustrative 

antifuse circuitry in accordance with the present 
invention . 

FIG. 3 is a cross-sectional side view of an 
illustrative antifuse in accordance with the present 
15 invention. 

FIG. 4 is a circuit diagram showing the 
parasitic bipolar transistor formed by an illustrative 
metal-oxide-semiconductor antifuse transistor in 
accordance with the present invention. 

20 FIG . 5a is a graph showing how the electric 

field at the gate oxide of a metal-oxide-semiconductor 
transistor antifuse is greater at one end of the gate 
than at the other during antifuse programming in 
accordance with the present invention. 

25 FIG. 5b is a graph showing how the hot carrier 

concentration underneath the gate oxide is 
asymmetrically distributed during device programming in 
accordance with the present invention. 

FIG. 6a is a graph of an illustrative 

30 programming signal that may be used to program an 
antifuse transistor in accordance with the present 
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invention . 

FIG. 6b is a graph of the output voltage of an 
illustrative antifuse transistor circuit during 
programming in accordance with the present invention. 
5 FIG. 7 is a cross-sectional side view of a 

portion of an illustrative transistor antifuse showing 
how certain doping regions may be used to enhance 
antifuse programming in accordance with the present 
invention . 

10 FIG. 8 is a circuit diagram showing how 

programming circuitry may include a biasing circuit to 
help program the antifuse transistor in accordance with 
the present invention. 

FIG. 9 is a circuit diagram showing how a 

15 biasing circuit of the type shown in FIG. 8 may be 

implemented using Zener diodes in accordance with the 
present invention. 

FIG. 10 is a cross-sectional side view of an 
illustrative antifuse transistor and associated Zener 

20 diodes in accordance with the present invention. 

FIG. 11 is a circuit diagram showing how a 
gated diode may be used in a biasing circuit of the type 
shown in FIG. 8 in accordance with the present 
invention . 

25 FIG. 12a is a schematic cross-sectional side 

view of an illustrative gated diode accordance with the 
present invention . 

FIG. 12b is a diagram showing the circuit 
symbol corresponding to the gated diode structure of 

30 FIG. 12a. 

FIG. 13 is a circuit diagram of an 
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illustrative antifuse and programming circuit having 
biasing circuitry of the type shown in FIG . 8 that is 
based on a voltage divider in accordance with the 
present invention . 
5 FIG. 14a is a top view of an illustrative 

device layout that may be used when fabricating an 
antifuse transistor in accordance with the present 
invention . 

FIG. 14b is a cross-sectional side view of a 
10 transistor using a layout of the type shown in FIG. 14a 
in accordance with the present invention. 

FIG. 15 is a flow chart of illustrative steps 
involved in programming an antifuse transistor in 
accordance with the present invention. 

15 

Detailed Description of the Preferred Embodiments 

This invention relates to antifuses based on 
integrated circuit transistor structures ("transistor 
antifuses"). The invention also relates to programming 

20 circuitry and methods for programming antifuses and 
sensing their states. 

Programmable antifuses may be used to program 
(configure) portions of an integrated circuit. In their 
unprogrammed state, antifuses have high resistances. 

25 After programming, the antifuses become conductive. The 
state of an antifuse (whether programmed or 
unprogrammed) can be detected using sensing circuitry 
and used for control and data functions on the 
integrated circuit. 

30 The integrated circuit containing the 

antifuses may be, for example, a programmable logic 



device that has user-customizable logic. The integrated 
circuit may also be a microprocessor, a digital signal 
processor, an application specific integrated circuit, 
logic, memory, a digital circuit, an analog circuit with 
5 programmable devices, a combination of such circuits or 
any other suitable integrated circuit. 

The integrated circuit may be programmed by a 
manufacturer or by an intermediate or end user. For 
example, if a manufacturer desires to include a serial 

10 number, certain coding, or other special information in 
the integrated circuit, the manufacturer can program the 
antifuses on the integrated circuit appropriately during 
the manufacturing process. As another example, a 
manufacturer may produce integrated circuits that 

15 contain redundant circuitry. If a repairable defect is 
detected by the manufacturer during device testing, 
antifuses on the circuit may be programmed so that 
appropriate spare circuitry is switched into use to 
replace the defective circuit. 

20 Programmable logic devices can be customized 

by users to perform desired logic functions. Such 
devices may be customized by programming antifuses 
appropriately. Programmable logic devices may also use 
antifuses to implement redundancy schemes or to store 

25 codes, serial numbers, or other special information in a 
non-volatile manner as with other integrated circuits. 

An integrated circuit 10 in accordance with 
the present invention is shown in FIG. 1. The 
integrated circuit 10 may have one or more power supply 

30 terminals such as terminal 12 and terminal 14. 

Terminals such as terminal 12 may be used to supply a 



positive power supply voltage {e.g., a Vcc voltage of 
1.2 volts). Terminals such as terminal 14 may be used 
to supply a ground potential (e.g., a Vss voltage of 0 
volts). Terminals 16 may be used for I/O signals • (e . g . , 
5 normal data signals during device operation and 
programming signals during device programming 
operations) . Terminals such as terminals 16 may also be 
used to provide other power supply voltages (e.g., 
programming voltages of about 4.5-5.5 volts, an I/O 

10 power supply voltage of about 3.3 volts, etc.). 

The particular voltages described herein are 
merely illustrative. Any other suitable voltage levels 
may be used if desired. Moreover the polarities of the 
signals (positive and negative) and types of 

15 semiconductor (e.g., n-type and p-type silicon) that are 
used are merely illustrative. 

Although aspects of the invention are 
described using n-channel metal-oxide-semiconductor 
(NMOS) transistors, p-channel metal-oxide-semiconductor 

20 (PMOS) transistors may be used if desired. Moreover, 
the insulting materials used for the gates of these 
devices, while typically oxide, may also be other 
insulating materials (e.g., nitrides, layers of both 
nitride and oxide, oxynitrides, or any other suitable 

25 dielectric or insulator) . These transistor structures 
are therefore sometimes referred to as metal-insulator- 
semiconductor (MIS) • transistors and, because oxide is a 
particularly suitable insulator to use, these structures 
are often referred to as metal-oxide-semiconductor (MOS) 

30 transistors. 

The "metal" of the MIS/MOS transistor 
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structures may be formed from a pure metal or metal 
alloy or other suitable conductive materials (e.g., 
doped polysilicon, silicide, silicided doped 
polysilicon, etc.). Regardless of which of these 
5 conductors is used, the transistor structures will still 
be referred to herein as MIS or MOS transistors. 

MOS transistors have sources and drains. 
Because the labeling of the source and drain in a given 
MOS transistor structure is somewhat arbitrary (i.e., 

10 because the labeling can be reversed so that the source 
is labeled as the drain and vice versa) , these terminals 
can be generically referred to as source-drain 
terminals. For clarity, the present invention is 
generally described in connection with a particular 

15 arrangement (i.e., with one source-drain terminal 

labeled as being the source and the other source-drain 
terminal being labeled as the drain in a particular 
way) , but, if desired, the source and drain labels of 
the source-drain terminals could be reversed. 

20 Moreover, although described in the context of 

a silicon-based arrangement, integrated circuit 10 may 
be based on any suitable semiconductor. For example, 
the substrate material from which circuit 10 is formed 
may be a semiconductor such as silicon (or silicon-on- 

25 insulator) , silicon germanium, gallium arsenide, indium 
phosphide, combinations of such materials, etc. These 
substrate materials are typically processed while in the 
form of wafers and are subsequently divided into 
individual circuits 10 prior to packaging. 

30 The circuitry of integrated circuit 10 is 

interconnected by a number of layers of circuit 



interconnections. These interconnect layers include 
patterned conductors and insulators. The conductors in 
the interconnects on circuit 10 serve to route signals 
between various devices on circuit 10. The insulators 
5 serve to electrically isolate the conductors from each 
other and from the devices formed in the substrate. The 
layers of insulators and conductors in the interconnects 
and the antifuse structures, active devices, and 
associated circuitry of circuit 10 may be formed using 

10 plasma deposition and etching, chemical vapor 

deposition, sputtering and evaporation, electroplating, 
ion-implantation and diffusion, thermal oxide growth, 
and other suitable semiconductor fabrication techniques. 

In a typical modern integrated circuit there 

15 are about 4-9 interconnect layers and other layers of 

material such as polysilicon, silicides, nitride, solder 
bumps, and passivation layers. For clarity, only the 
most relevant portions of the antifuses and associated 
structures are shown in the FIGS. For example, 

20 insulating layers that may include multiple individual 
dielectric layers are generally shown as single layers 
of insulator. Conductors that may be based on multiple 
individual layers of conductive materials are generally 
shown as single layers of conductor. 

25 As shown in FIG. 1, the programming signals 

and power supply signals from I/O terminals such as 
terminals 12, 14, and 16 may be provided to circuitry 
within the integrated circuit such as control circuitry 
18. Control circuitry 18 may increase the voltage of 

30 the power supply (if desired) and may produce 

programming signals at appropriate voltage and current 
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levels for antifuse programming. As an example, control 
circuitry 10 may increase the strength of low-level 
programming signals provided at I/O pins 16 so that the 
resulting strengthened signals may be used to program 
5 antifuses 20. 

The programmable antifuses may have associated 
sensing circuitry. The sensing circuitry may be used to 
convert the resistance of an antifuse (which may be 
either high or low depending on the state of the 

10 antifuse) into a corresponding voltage signal (e.g., a 

high or low logic voltage level V 0 ut) . Each antifuse may 
have an associated sensing circuit. In the illustrative 
arrangements described herein, the sensing circuitry 
used to sense the states of the antifuses is shown 

15 together with programming circuitry used to program the 
antifuses. This is, however, merely illustrative. If 
desired, sensing circuitry functions and programming 
circuitry functions may be performed using other 
suitable arrangements . 

20 The output voltage from each antifuse sensing 

circuit may be applied to a corresponding controllable 
device (e.g., a transistor gate or gates, one or more 
transistor gates in a multiplexer, switch, pass 
transistor, or the input or control terminal of any 

25 other suitable logic element or circuit component on 

circuit 10) . Such configurable components are depicted 
generally as configurable circuitry 22 in FIG. 1. The 
configurable components may be configurable programmable 
logic (e.g., on a programmable logic device), may be 

30 part of a memory (or a circuit that serves a memory 
function) , may be part of a switch associated with a 



redundancy scheme, or any other suitable circuitry that 
it is desired to configure. 

If desired, the outputs V 0 ut of the sensing 
circuits may be read without using them to specifically 
5 configure any downstream logic. For example, if it is 
desired to program a serial number or other information 
or coding into the circuit 10, the appropriate bits may ■ 
be programmed into circuit 10 by programming the 
antifuses accordingly. The output signals from the 

10 sensing circuitry associated with the antifuses will 
then represent the states of the programmed antifuses. 
If access to the information programmed into the 
antifuses is desired, circuitry may be used to access 
and read the states of the sensing circuit outputs. 

15 The antifuses of the present invention are 

based on metal-oxide-semiconductor (MOS) transistor 
structures. A metal-oxide-semiconductor transistor may 
have a source terminal (typically labeled S), a drain 
terminal (typically labeled D) , a gate terminal 

20 (typically labeled G) , and a substrate terminal 
(typically labeled SUB) . These terminals (also 
sometimes called electrodes) are formed using a 
conductive material such as copper or other metal, doped 
polysilicon, silicide, or combinations of such materials 

25 and associated doped semiconductor regions. 

In a MOS transistor, a gate insulator is used 
to electrically insulate the gate electrode terminal 
from an underlying channel region in the semiconductor. 
The gate insulator is typically formed from thermally- 

30 grown silicon oxide, so the gate insulator is often 
referred to herein as the "gate oxide." 



In antifuse structures based on MOS 
transistors, the gate oxide is initially intact. The 
gate oxide blocks current flow and creates a high 
resistance. During antifuse programming, the gate oxide 
5 is "blown/" to form a conductive path through the gate 
oxide. This conductive path significantly lowers the 
resistance of the antifuse. An antifuse having a gate 
oxide that has been blown is said to be "programmed." 
Sensing circuitry associated with the antifuses may be 

10 used to convert the high or low resistances of the 

antifuses into appropriate digital signals for. use by 
downstream circuitry on integrated circuit 10. 

An illustrative antifuse circuit 24 for an 
integrated circuit such as integrated circuit 10 of FIG. 

15 1 is shown in FIG . 2. Circuit 24 includes an antifuse 
26, circuitry for antifuse programming, and sensing 
circuitry. In the illustrative arrangement of FIG. 2, 
transistor Tl serves as the antifuse. In FIG. 2 and the 
other FIGS., transistor Tl is shown illustratively as an 

20 NMOS transistor, but a PMOS transistor may be used if 
desired, provided that appropriate changes are made to 
the connections to its gate, drain, source, and 
substrate terminals . 

Resistors 28, 30, and 32 (having respective 

25 illustrative resistances of about 40-80 kQ, 10 MQ, and 
10MQ) serve programming and sensing functions. During 
sensing, resistors 30 and 32 serve to convert the 
programmed or unprogrammed resistance value of 
transistor 26 into a corresponding logic low or high 

30 signal V 0 ut &t sensing circuit output terminal 34 during 
post-programming operation of circuit 10. During 
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programming, resistor 28 serves as a current-limiting 
resistor, which helps to prevent excessive current from 
flowing through transistor 26. 

Resistor 28 is optional, but an advantage of 
5 using resistor 28 to limit current flow is that this 
helps to prevent localized silicon melting in the 
antifuse transistor during programming. If the silicon 
in the antifuse were to melt during programming, it 
would make the antifuse ! s state easier to detect by 

10 reverse engineering. This could compromise security in 
an environment in which it is desired to maintain the 
states of the antifuses (programmed or unprogrammed) a 
secret. By using only gate oxide programming to set the 
states of the antifuses 26, security is enhanced 

15 considerably, because it is generally difficult or 

impossible to detect whether a given antifuse 26 has 
been programmed using the tools that are commonly 
available for reverse engineering (e.g., scanning 
electron microscopes) . 

20 A power supply voltage (e.g., a voltage Vcc of 

1.2 volts) may be provided to terminal 36. A source of 
ground potential (e.g., a voltage Vss of 0 volts) may be 
applied to terminal 38. Voltages Vcc and Vss may be the 
same voltages that are being used by the core circuitry 

25 on integrated circuit 10. As a result, these voltage 
may be readily available for antifuse circuit 24. 

A programming voltage Vpp may be used to 
program antifuse 26. With the illustrative arrangement 
of FIG. 2, the programming voltage Vpp is generally 

30 higher than Vcc. Such an elevated voltage Vpp may be 

provided using an external pin (e.g., one of pins 16 of 



FIG. 1) or may be generated on circuit 10 using a charge 
pump circuit 41 or other suitable voltage-generating 
circuit that creates the voltage Vpp from a lower 
voltage. The Vpp voltage can be generated from any 
5 suitable voltage including an I/O voltage (e.g., a 3.3 
volt I/O supply voltage) that is higher than Vcc and 
that is used to provide power to input-output circuitry 
at the periphery of integrated circuit 10 of FIG. 1. 
The voltage Vpp may be, for example, 4.5-5.0 volts. 

10 This voltage level is, however, merely 

illustrative. As device geometries change due to 
improvements in semiconductor fabrication technology, 
the programming voltages and the other signal levels and 
component values that are used herein will generally 

15 also change. 

The programming voltage Vpp may be provided to 
terminal 40 of circuit 24. A programming control 
circuit may be used to selectively apply the programming 
voltage to antifuse 26. During normal operation, the 

20 programming circuit can isolate the programming voltage 
Vpp from the antifuse 26, so that the antifuse 26 
operates normally (in either its programmed or 
unprogrammed state) . During programming, the 
programming circuit can allow the programming voltage 

25 Vpp to pass through to the antifuse 26 to blow its gate 
oxide . 

With the illustrative arrangement of FIG. 2, 
the programming supply voltage Vpp is used as an input 
to gating transistor (pass transistor) 42. The gate of 
30 transistor 42 may be controlled by appropriate control 
signals V cs supplied at gate 44. With one suitable 
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arrangement, low-level programming signals (e.g., logic- 
level programming information) may be provided at 
terminal 46 of control circuit 48. The logic-level 
programming information may, for example, be provided 
5 from external electrical programming equipment that is 
connected to circuit 10 through one or more of pins 16 
during the configuration or programming of circuit 10 at 
a manufacturer as part of the manufacturing process or 
during the programming of circuitry 10 by an 

10 intermediate user or end user. 

The control circuit 48 may use the elevated 
programming voltage Vpp and the lower-level programming 
information signals at terminal 46 to create the 
corresponding programming control signals V C s that are 

15 provided to the control gate 44 of pass transistor 42. 
During programming, the output of pass transistor 42 
(programming signal Vp) is provided to output terminal 
50. A typical programming signal Vp'has a magnitude of 
about 4.5 volts (i.e., a voltage Vpp of 5.0 volts minus 

20 the threshold voltage of the pass-gate transistor T2, 
which may be about 0.5 volts). The duration of the 
programming signal may be about 10 ms . 

In the example of FIG. 2, transistor 42 is an 
NMOS transistor. The Vp signal can be maintained at the 

25 same level same while reducing the Vpp voltage if a 

PMOS-pass gate transistor is used in place of an NMOS 
transistor. Such a PMOS pass gate transistor can be 
turned on with the application of ground voltage to its 
gate 44. 

30 Only a single programming pulse of about 10 ms 

in duration is generally required to program each 

16 



antifuse bit, so programming all of the antifuses on 
circuit 10 is relatively rapid. Moreover, because the 
power required to program each antifuse is relatively 
low, multiple bits may be programmed in parallel by 
5 control circuitry 18 (FIG. 1) . 

When antifuse transistor 26 is unprogrammed 
(its initial state), the resistance of transistor 26 
(i.e., the resistance between drain D at antifuse 
terminal Al and the source S and gate G at antifuse 

10 terminal Bl in FIG. 2) is high (e.g., 100 MQ or more). 
With antifuse transistor 26 in an unprogrammed state, a 
negligible current therefore flows through transistor 
26. This low current characteristic of the antifuse 
helps to lower the power dissipation through the 

15 unprogrammed antifuse circuitry on circuit 10. The high 
unprogrammed resistance of the antifuse transistor 26 
relative to. the resistance of resistor Rl causes the 
output voltage V 0UT to rise almost to V CC / thereby 
producing a logic high signal V 0U t at terminal 34 of the 

20 sensing circuitry. 

When antifuse transistor 26 is programmed by 
momentarily applying a high voltage Vp across its 
terminals Al and Bl, the resistance of antifuse 
transistor 26 drops significantly (e.g., by about four 

25 or five orders of magnitude or more) . The resulting low 
resistance of antifuse 26 pulls the voltage on terminal 
34 low, so that the output voltage V 0 ut is at a logic low 
signal level. 

As shown in FIG. 2, the source S and gate G 

30 of the antifuse transistor are electrically connected to 
each other at terminal Bl, while only the drain is 



connected to terminal Al . The drain D and source S are 
therefore not directly electrically connected to each 
other. As a result, when the programming voltage is 
applied across the terminals Al and Bl of the antifuse 
5 transistor 26, an asymmetry develops. The asymmetry 
creates hot carriers at one end of the channel. The 
localized hot carriers at this end of the channel break 
down the gate oxide more rapidly and/or at lower power 
than would possible if a symmetric arrangement were used 

10 to stress the gate oxide. In a symmetric arrangement, 
the oxide would be stressed uniformly along its length, 
so it would not tend to fail as readily. With the 
present approach, in contrast, the localization of 
stress on the gate oxide helps to initiate the gate 

15 oxide breakdown process. Once this process starts, 

current flows through the gate oxide and completes the 
programming process . 

A cross-section of an illustrative device 
structure suitable for implementing the antifuse 

20 transistor 26 of FIG. 2 is shown in FIG. 3. As shown in 
FIG. 3, the antifuse transistor 26 has a drain contact 
conductor 52 (labeled drain terminal D and antifuse 
terminal Al in FIG. 2) . The antifuse transistor 26 also 
has a source conductor 54. Drain terminal 52 is 

25 connected to n+ region 56 to form the drain of n-type 

metal-oxide-semiconductor (NMOS) transistor 26. Source 
terminal 54 is connected to n+ region 58 to form the 
source of transistor 26. Layer 72 is an insulator. 

Transistor 26 has a gate (labeled G in FIG. 2) 

30 that is formed from a thin (typically 10s or 100s of 
angstroms thick) oxide 60 (typically thermal oxide) 
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covered by a polysilicon layer or other suitable 
conductor 62. A layer of silicide (e.g., cobalt 
silicide) may be deposited on top of the layer of 
polysilicon in gate electrode 62 to assist in forming a 
good contact for the gate. A layer of silicide may also 
be deposited on top of the drain n+ region 56 and the 
source n+ region 58 to assist in localizing the 
programming current. This reduces the total programming 
current needed for programming the antifuse transistor. 

A conductor 64 lies between the gate region 62 
and the source region 54. Conductor 64 electrically 
interconnects the gate G and source S, as shown in FIG. 
2. 

Resistors such as resistors Rl, R2, and R3 of 
FIG. 2 may be formed from a layer of oxide such as the 
oxide layer that is referred to as the "poly-layer 
dielectric" in many NMOS fabrication processes and that 
is used to isolate poly interconnects from the 
substrate. A layer of shallow trench isolation (STI) 
may be formed under this oxide in the region of the 
resistors to help isolate the resistors from the 
substrate. The electrically active portion of the 
resistors may be formed from a lightly-doped (or 
undoped) polysilicon layer. 

The antifuse transistor 26 of FIG. 3 may be 
formed in a p-well 66. The p-well region 66 may be a p- 
type substrate or a p-type region in a surrounding n- 
type region. This region 66 is referred to herein as 
the "substrate" of transistor 26. An associated 
terminal 70 makes an ohmic connection to region 66 via 
p+ tap 68 and is referred to herein as the SUB terminal. 



The SUB terminal 70 may be connected to one end of 
resistor R2 (FIG. 2) by a conductive trace. The other 
end of resistor R2 may be connected to V S s by a 
conductive trace. Silicide films may be deposited 
5 directly under the contacts of the resistors to provide 
good ohmic conduction. 

The conductive regions of FIG. 3 may be 
electrically isolated from the other layers of antifuse 
structure 2 6 by the insulating layer 72. Layer 72 may 

10 be, for example, the insulating layer often referred to 
as "metal 1 dielectric" where metal 1 is the bottom 
layer of metal interconnect. Layer 72 may be formed 
from any suitable insulating material such as 
phosphosilicate glass (PSG) , chemical vapor deposition 

15 (CVD) oxide, or other insulating dielectric films. 

The details of the construction of transistor 
26 that are shown in FIG. 3 are merely illustrative. 
Any suitable materials system and layer structure may be 
used for transistor 26 if desired. For example, 

20 transistor 26 may be a PMOS transistor. As another 

example, the resistors Rl, R2, and R3 can be formed from 
diffusions in a suitable silicon region. 

The p-type silicon substrate (well region) 66 
lies between the source and drain and is normally not 

25 conducting due to the two back-to-back diodes formed by 
the n+/p/n+ structure of the transistor 26. Before 
programming, the gate G is at ground, which turns the 
transistor 26 (Tl) off. Because the transistor 26 is 
not conducting and because the gate oxide is intact, the 

30 resistance of transistor 26 between terminals Al and Bl 
in its unprogrammed state is high. The resistance of 



transistor 26 may, for example, be about 100 MQ to over 
1 GQ. The transistor T2 of FIG. 2 is also off when no 
programming is taking place. The output of the circuit 
24 of FIG. 2 in this situation is high (i.e., V 0U t * 
5 Vcc) . 

When it is desired to program antifuse 
transistor 26, a programming voltage may be applied to 
the drain terminal D (antifuse terminal Al) of the 
antifuse transistor 26. For example, logic-level 

10 control signals (e.g., a 10 ms positive voltage pulse) 
may be applied to control circuit 48 of FIG. 2 via 
terminal 46. The control circuit 48 of FIG. 2 may 
generate a corresponding control signal V C s at its 
output, which turns on pass transistor 42 and allows a 

15 programming signal pulse Vp of magnitude Vpp or Vpp 

minus the threshold voltage V T of the transistor T2 to 
reach drain terminal D of transistor 26. 

Taking the drain voltage to the programming 
voltage (Vpp or Vpp minus V T ) produces a reverse bias in 

20 the drain-substrate junction of transistor 26, because 
the substrate voltage V SU b is initially grounded at. V S s- 
through resistor R 2 . This reverse bias increases the 
size of the depletion region at the drain-substrate 
junction and increases the electric field 76 in the 

25 vicinity of the depletion region. The depletion region 
boundary for the drain-substrate junction is shown by 
dotted line 74 in FIG. 3. 

The magnitude of the programming voltage may 
be significantly higher than the voltage V cc normally 

30 used to operate the transistors on circuit 10. As a 
result, the reverse-biased diode formed at the drain- 



substrate junction starts to experience avalanche 
breakdown. The reverse bias avalanche current is shown 
as current I A val in FIG. 3. 

During avalanche breakdown, electron-hole 
5 pairs are created at the drain-substrate p-n junction 
and the current I A val flows from the transistor's drain 
region 56 to the transistor's substrate region 66. The 
substrate is electrically connected to ground through p+ 
tap region 68 and resistor 32 (R2), so the avalanche 

10 current produces a voltage drop across resistor R2 equal 
to the avalanche current Iaval times the resistance R2 . 

The depletion region's electric field E 
accelerates electrons 78 towards region 56 and holes 80 
towards the substrate region 66 and source 58. As these 

15 carriers travel through the transistor, additional 

carriers are freed by the avalanche breakdown effect. 
In addition, the voltage drop across R2 causes the 
substrate voltage V SUB to rise. As the substrate voltage 
V S ub reaches about 0.7 to 1 V, the substrate-source p-n , 

20 junction becomes forward biased. This, in turn, injects 
large numbers of carriers 82 into the substrate, as 
shown in FIG. 3. 

The injected carriers 82 diffuse to the 
avalanche-breakdown region at the drain-substrate 

25 junction and are accelerated by the electric field at 

the junction. The additional injected carriers from the 
forward-biased substrate-source p-n junction contribute 
to the avalanche breakdown of the drain-substrate p-n 
junction and serve as a source of positive feedback. In 

30 effect, the source, substrate, and drain of the 

transistor act as the emitter, base, and collector of a 



parasitic bipolar transistor, as shown in FIG. 4. 
During programming of transistor 26, carriers injected 
into the substrate (base) from the source-substrate 
junction serve to turn the transistor on. As the 
5 process progresses, the drain-substrate avalanche 
current I A val produces a significant localized 
concentration of hot carriers (holes) in the vicinity 
the drain region 56. These hot carriers cause the 
adjacent gate oxide to break down, thereby programming 
10 the antifuse. 

The magnitude of the electric field through 
the gate oxide and the concentration of hot holes that 
are produced along the channel length in direction x 
during antifuse programming are shown in FIGS. 5a and 
15 5b. As shown in these FIGS., the gate oxide is stressed- 
significantly more in the vicinity of the drain than in 
the vicinity of the source. The asymmetry of the stress 
concentrates the impact of the programming operation, 
which tends to lessen the overall effort required to 
20 program transistor 26. The transistor 26 can generally 
be programmed at powers of less than about 150 pW. 

During programming, the series resistor R3 
(resistor 28 of FIG. 2) may serve as a current-limiting 
resistor to prevent the programming current I A val from 
25 becoming too large and melting the silicon in the 
vicinity of the drain. 

The time required to program antifuse 
transistor 26 is typically less than 10 milliseconds. 
With one suitable approach, each antifuse is programmed 
30 using a programming pulse of a fixed known duration 

(e.g., a pulse with a fixed duration of 10 ms, as shown 
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in FIG. 6a) . The transistor 26 will be programmed, and 
the output voltage V 0U t will be caused to drop to a low 
value in less than 10 ms, as shown in FIG. 6b. 

Another suitable approach involves monitoring 
the status of transistor 26 to detect the high-to-low 
transition of FIG. 6b during programming, so that the 
programming voltage may be reduced as soon as 
programming of the transistor 2 6 is complete. This 
approach can reduce the power dissipated during the 
programming process. 

One way in which to monitor the status of 
transistor 26 is to use a feedback path such as path 84 
of FIG. 2 to monitor the output voltage of the sensing 
circuit. The control circuit 48 may monitor the output 
voltage V 0U t using feedback path 84. As soon as the 
transistor 26 is programmed at time t P , the resistance 
of the antifuse structure drops and the voltage V 0 ut 
drops as shown in FIG. 6b. The control circuit 48 may 
detect this drop and (after a small circuit delay time) 
may immediately reduce the programming voltage signal 
from the programming voltage (e.g., Vpp) to a low 
voltage (e.g., V ss ) . Because the programming voltage is 
taken low as soon as successful programming of 
transistor 26 is detected, this approach reduces power 
dissipation through the sensing circuit after the 
antifuse ! s state has been set. 

It is desirable to reduce programming times 
and/or voltages as much as possible. Shorter 
programming times increase throughput. Smaller 
programming voltages make it possible to program 
antifuses using readily available sources of power. For 



example, smaller programming voltages may make it 
possible to perform programming operations using the 
elevated I/O voltage of about 3.3 volts that is already 
present on many integrated circuits operating at core 
5 Vcc voltages of about 1.2 volts. 

The use of the parasitic bipolar transistor 
behavior of the antifuse MOS transistor structure 26 to 
create hot carriers (holes in the NMOS example described 
in connection with FIG. 2) during programming helps to 

10 make the programming process more efficient. During 
programming, the increase in the substrate voltage due 
to the voltage drop that develops across resistor R2 
forward biases of the substrate-source junction and 
serves to inject carriers (electrons in the NMOS example 

15 described in connection with FIG. 2) into the "base" 

(substrate) of the parasitic bipolar transistor. These 
injected carriers contribute to more impact ionization, 
which increases the avalanche current Iaval at the drain- 
substrate junction. The increased avalanche current 

20 Iaval increases the current through resistor R2, which 
serves to forward bias the substrate-source junction 
even more. The positive feedback loop that is produced 
with this arrangement helps to ensure that the parasitic 
bipolar transistor in antifuse 26 is turned on strongly 

25 during programming to create a significant concentration 
of hot carriers at the gate oxide in the vicinity of the. 
drain . 

To enhance the feedback behavior of the 
antifuse transistor programming circuit, the value of 
30 resistor R2 can be increased. For a given value of 
Iaval, a larger value of R2 will produce a 
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correspondingly larger rise in the forward bias on the 
substrate-source junction, which will in turn inject 
more carriers into the transistor and turn it on more 
strongly. However, resistor R2 should not be made too 
5 large, because if R2 is too large the transistor 26 will 
have a poor (low) value of "off resistance." 

When transistor 26 is unprogrammed, its gate 
oxide is intact. During sensing, the transistor 26 is 
off. The off resistance between terminal Al and Bl 

10 (FIG. 2) should generally be high, so that the ratio of 
off resistance to on resistance is high. A high off/on 
resistance ratio is desirable for reliable programming 
and good sensing performance. 

Even when transistor 26 is off, a leakage 

15 current flows through resistor R2 . If R2 is too high, 

this small leakage current will produce a non-negligible 
voltage drop across R2 . This will start to forward bias 
the substrate-source junction and turn the antifuse 
transistor 26 on, thereby lowering its "off" resistance. 

20 Accordingly, the size of R2 and the leakage current 

associated with transistor 26 should be selected such 
that unprogrammed antifuse transistors are maintained 
sufficiently "off" during sensing. 

There are several arrangements that may be 

25 used to enhance feedback and facilitate programming 

without producing undesirably large values of leakage 
current through the transistor during sensing. 

With one suitable feedback enhancement 
arrangement, an additional doping region is formed 

30 adjacent to the drain. This type of configuration is 

shown in FIG. 7. In the example of FIG. 7, a p+ doping 



region 57 has been formed adjacent to the n+ doping 
region 56. The p+ doping region may be formed, for 
example, by a diffusion or implantation of p+ dopant at 
a concentration level that is less than the n+ doping 
5 concentration level in region 56. As a result, the 

semiconductor in hatched overlap region 56/57 will be n- 
type . 

As an example, region 5 6 may have an n-type 
doping concentration on the order of 10 19 cm" 3 , region 57 

10 may have a doping concentration of about 10 18 cm*" 3 , and 
region 66 may have a doping concentration of about 10 17 
cm*" 3 . In overlap region 56/57, the higher doping 
concentration of the n-type dopant makes the 
semiconductor in region 56/57 n-type at 10 19 cm" 3 . These 

15 concentrations are merely illustrative, any suitable 
doping concentrations may be used if desired. 

The two different p+ doping concentrations 
(the 10 18 cm" 3 concentration used for region 57 and the 
10 17 cm*" 3 concentration used for region 66) create two 

20 parallel p-n junctions with the n-type drain region 56. 
These two parallel p-n junctions experience avalanche 
breakdown at different reverse-bias voltage levels. The 
p-n junction formed from the less heavily doped p-type 
region 66 and n+ drain region 56 will experience 

25 avalanche breakdown at approximately the same voltage 

levels experienced using the arrangement of FIG . 3. The 
p-n junction formed from the more heavily doped p-type 
region 57 and the n+ drain region 56 will break down at 
a lower voltage (e.g., a voltage as low as 1-2 volts). 

30 By selecting a doping concentration for region 

57 that is sufficiently high, the voltage needed to 



initiate avalanche breakdown of the drain-substrate 
junction can be lowered. Once there is breakdown at 
this junction, the voltage across R2 will start to rise 
and the substrate-source junction will start to become 
5 forward-biased. The extra p+ doping region 57 therefore 
enhances feedback during programming and makes 
programming more efficient. The size of the heavily- 
doped junction region 57 may be selected so that this 
lowered breakdown voltage can be achieved without 

10 producing excessive leakage current when the antifuse is 
in its unprogrammed state. 

Another suitable arrangement for enhancing 
feedback to facilitate programming involves the use of 
an external biasing circuit. This type of arrangement 

15 is shown in FIG. 8. Biasing circuit 88 can be used to 

apply a biasing signal to the SUB terminal of transistor 
26 during programming. The biasing signal can further 
forward bias the substrate-source p-n junction, thereby 
injecting more carriers into the base of the parasitic 

20 bipolar transistor in the antifuse to turn it on. In 
the example of FIG. 2, resistor R2 forms a type of 
biasing circuit. When the current Iaval flows through 
R2, a positive voltage is produced at the SUB terminal, 
which forward biases the substrate-source p-n junction. 

25 Another suitable bias circuit arrangement is 

shown in FIG. 9. In the example of FIG. 9, antifuse 
circuit 24 has two Zener diodes 90 between output 
terminal 34 and the SUB terminal of the antifuse 
transistor 26. During programming, the Zener diodes 

30 experience reverse breakdown at a relatively low voltage 
(about 1 volt) . As a result, only a few volts need to 



be applied to terminal 34 to start a current flowing 
through resistor R2 . As soon as this current starts to 
flow, the voltage across resistor R2 rises, thereby 
increasing the bias voltage applied to the SUB terminal 
to forward bias the substrate-source junction. 

Zener diodes 90 experience Zener breakdown at 
about one volt of reverse bias, so that when the two 
Zener diodes 90 are placed in series as shown in FIG, 9, 
they break down at about 2 volts of reverse bias 
voltage. Because a two-volt breakdown voltage is 
relatively low, the programming voltage that is used to 
program antifuse transistor 26 may be lower than with 
other approaches. 

Although other numbers of Zener diodes, could 
be used (e.g., one or three or more), two Zener diodes 
are generally preferred. Using only one Zener diode 
might produce more leakage current than desired during 
sensing (for unprogrammed devices), which would increase 
power dissipation. If three Zener diodes were to be 
used, the required programming voltage might be higher 
than desired. 

With the two-Zener-diode arrangement of FIG. 
9, there is enough current produced through the 
transistor 26 to make the substrate voltage V S ub about 
0.7-1 volt to forward bias the substrate-source junction 
and cause a high current to flow through the transistor 
26. 

Many modern integrated circuits use a low 
voltage level (e.g., 1.2 volts) to operate their "core" 
circuitry. Circuitry near the periphery of the 
integrated circuit (e.g., I/O circuitry) is used to 



interface with off-chip circuitry and transmission 
lines. This peripheral circuitry therefore is generally 
powered using a higher supply voltage (e.g., 3.3 volts). 
If desired, this higher (e.g., 3.3 volt) I/O power 
5 supply voltage may be made available to the pass 
transistor 42, so that (in response to the control 
signals applied to its gate 44), the output of 
transistor 42 will provide a programming signal Vp that 
ranges from V ss to a voltage of about 3.3 volts. 

10 With this approach, it is not necessary to 

provide additional charge pump circuitry on circuit 10 
to raise the programming voltage (although a charge pump 
.may be used if desired to provide a higher programming 
voltage) . Moreover, special external voltage sources 

15 • and special high-voltage routing circuitry on circuit 10 
need not be provided. Rather, the I/O power supply 
voltage that is already available for use in operating 
the I/O circuitry during normal operation can be reused 
for antifuse programming. 

20 As shown in FIG. 9, transistor T2 may be a 

PMOS transistor. With this arrangement, the magnitude 
of Vp is equal to the magnitude of the power supply 
voltage applied to terminal 40 when the control signals 
at gate 44 are at ground. During sensing, the control 

25 signal on gate 44 may be taken to 3.3 volts (e.g., the 

I/O power supply voltage) to turn off transistor T2 . An 
NMOS transistor may be used for transistor T2 if 
desired, although this will lead to a Vp that is less 
than the power supply voltage at terminal 40 unless the 

30 control signal on gate 44 is made larger than Vp. The 
power supply voltage on line 40 (from the I/O power 
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supply, from a charge pump or from another suitable 
source) can generally be lower if a p-type pass gate 
transistor T2 is used. 

An illustrative Zener diode structure that may 
5 be used for diodes 90 is shown in FIG. 10. The diodes 
may be formed on silicon substrate 66 over an area of 
shallow trench isolation (not shown) to electrically 
isolate the diodes from the underlying silicon. An 
oxide layer 72 such as a layer of "poly-dielectric" may 

10 be formed on top of the shallow trench isolation region. 

The p-n junctions of the Zener diodes may be 
formed using p+ regions 94 and n+ regions 92 (having 
doping concentrations of about 10 19 cm*" 3 ) . A conductor 
96 (e.g., a metal line) may be used to connect the 

15 region 94 of one diode to the region 92 of the other 

diode, as shown in FIG. 10. Another conductor 98 may be 
used to connect the Zener diodes to resistor R2 . The 
structure of FIG. 10 is merely illustrative. Any 
suitable Zener diode device structure may be used if 

20 desired. 

The substrate 66 that is used to form the 
electrically-programmable transistor antifuses and 
biasing circuit may be a bulk silicon substrate or a 
silicon-on-insulator (SOI) substrate. If substrate 66 

25 is an SOI substrate, an oxide layer is buried beneath 
the surface of the silicon. The SOI oxide layer may, 
for example, be located in the substrate 66 where shown 
by the dotted lines 67 in FIG. 10. 

The biasing circuit 88 of FIG. 8 may be formed 

30 using one or more gated diodes. An illustrative 

antifuse circuit 24 that has a gated diode 100 for 



biasing the SUB terminal of antifuse transistor 26 is 
shown in FIG. 11. During normal operation of circuit 24 
(i.e., during sensing), the gated diode 100 does not 
conduct in its reverse direction. As a result, the 
5 gated diode has a high resistance. If the antifuse 
transistor 26 is unprogrammed, the high resistance of 
the antifuse will cause the output V 0U t to go high. If 
the antifuse transistor 26 is programmed, the low 
resistance of the antifuse will cause the output V 0 ut to 
10 go low. 

When a programming voltage is applied to the 
antifuse transistor 26 to break down the gate oxide, a 
positive voltage appears across the gated diode 100 
(i.e., the voltage at terminal B2 is greater than the 

15 voltage at terminal A2 ) . This reverse biases the gated 
diode. The reverse-biased gated diode 100 experiences 
reverse-bias avalanche breakdown. The avalanche 
breakdown of the gated diode 100 produces an avalanche 
breakdown current. The avalanche breakdown current of 

20 the gated diode 100 flows through resistor R2, raising 
the voltage at the SUB terminal of antifuse transistor 
26. This helps to forward bias the substrate-source p-n 
junction in the transistor 26 and helps to turn on the 
transistor 26 at a lower programming voltage than would 

25 otherwise be possible. 

A cross-sectional side view of an illustrative 
gated diode 100 is shown in FIG. 12a. As shown in FIG. 
12a, the diode 100 is formed from a transistor structure 
having a source 102 and a drain 104. A gate 106 is 

30 formed over a gate oxide 108. In the example of FIG. 

12a, the gated diode 100 is based on an NMOS structure, 
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so the gate G is grounded. A substrate terminal SUB is 
connected to the substrate through a substrate tap 110. 
The gated diode 100 is formed by connecting terminal A2 
to the substrate and by connecting the source 102 and 
5 the drain 104 together to terminal B2 . The 

corresponding circuit schematic symbol for the gated 
diode 100 of FIG. 12a is shown in FIG. 12b and in the 
antifuse circuit 24 of FIG. 11. The circuit of FIG. 11 
has a single gated diode. Two or more series-connected 

10 gated diodes may be used if desired. 

Another arrangement that may be used for 
biasing circuit 88 of FIG. 8 is shown in FIG. 13. With 
the antifuse circuit 24 of FIG. 13, a switch 112 is used 
to selectively apply a bias voltage to the SUB terminal 

15 of the antifuse transistor 26. The switch 112 may be 

formed from any suitable circuit components such as MOS 
transistors. Switch 112 may be controlled by control 
signals applied to terminal 114. 

During normal (sensing) operation, a control 

20 signal is applied to terminal 114 and the same signal or 
an associated control signal is applied to terminal 44 
of transistor 42. These signals direct switch 112 to 
connect terminal 116 to terminal 120 and turn transistor 
42 off. Terminal 116 is connected to a source of ground 

25 potential Vss (e.g., a source of ground potential 
applied to the circuit 24 from a pin 122) . With 
transistor 42 off and with terminal 120 grounded, the 
output Vqut at terminal 34 depends on the state of 
transistor 26. If antifuse transistor 26 is 

30 unprogrammed, its resistance will be high and the output 
Vqut will be high. If antifuse transistor 26 is 



programmed, its resistance will be low and the output 
Vqut will be low. 

During programming, the control signals at 
terminals 114 and 44 turn transistor 42 on and direct 
5 switch 112 to connect input 118 to output 120. Input 
118 may be connected to a source of a suitable 
programming voltage. The programming voltage may be 
applied from an external pin such as pin 124. With one 
suitable arrangement, the voltage supplied to terminal ' 

10 118 is the same voltage level that is used to power 

input-output circuitry 126 on the integrated circuit 10. 
With another suitable arrangement, the voltage at 
terminal 118 is supplied from a charge pump. These are 
merely illustrative arrangements. Any suitable 

15 arrangement may be used to supply the voltage to 
terminal 118. 

Because switch 112 is configured to connect 
line 118 to line 120 during programming, the programming 
voltage that is supplied to line 118 is passed to line 

20 120. Transistor 42 is turned on, so this voltage is 
applied across antifuse transistor 26 to program the 
antifuse. Biasing of the transistor SUB terminal is 
accomplished using a voltage divider formed by resistors 
128 and 130 (labeled R4 and R5 in FIG. 13). 

25 With this voltage divider, a positive bias 

voltage is produced at terminal 132 during programming. 
This voltage raises the voltage of the SUB terminal 
relative to the source terminal S and forward biases the 
substrate-source junction. As an example, the voltage 

30 divider may raise the voltage of the substrate SUB to 
about 0.7 to 1 volt above that of the source S. This 



creates a forward bias at the substrate-source junction 
that injects carriers into the substrate. The injected 
carriers help to turn the transistor 26 strongly on, 
thereby generating hot carriers at the gate oxide in the 
5 vicinity of the drain-substrate p-n junction. The hot 
carriers break down the gate oxide and program the 
antifuse. Any values may be used for resistors R4 and 
R5 that produce a suitable bias voltage at node 132. As 
■ an example, R4 may have a resistance of about 2 0 kQ and 

10 R5 may have a resistance of about 10 kQ. 

Any suitable layout may be used for the 
antifuse transistors in integrated circuit 10. An 
illustrative layout that may be used for an antifuse 
transistor 26 is shown in FIGS. 14a and 14b. The layout 

15 shown in FIG. 14a is a top view of the transistor 26. 
The view of FIG. 14b is a cross-sectional side view of 
the FIG. 14a structure taken along the dotted line 134 
of FIG. 14a. 

As shown in FIGS. 14a and 14b, transistor 26 

20 may have a single central n+ drain region 136. Two n+ 
regions 138 on either side of the drain region may be 
used to form the source. Two n+ polysilicon regions 140 
may be used to form the gate of the transistor. The 
regions 140 may be silicided. The source and gate 

25 regions may be interconnected with each other and with 
V ss using a layer of patterned conductor such as a layer 
of silicided doped polysilicon or a layer of metal (not 
shown in FIGS. 14a and 14b). P+ tap regions 142 may be 
used to provide an ohmic contact to the p+ 

30 substrate/well region 66. The widths of the source, 
drain, and gate regions may be about 1-5 microns or 



other suitable widths. 

The lengths of the gate regions may be about 
0.2 microns or any other suitable lengths. With one 
suitable approach, the gate length used for antifuse 
5 transistor 26 is larger than the minimum channel length 
permitted by the semiconductor manufacturing process 
that is used to fabricate integrated circuit 10. By 
making the gate lengths slightly longer than the minimum 
size allowed by the semiconductor manufacturing process 

10 design rules (e.g., by making the gate 0.2 microns long 
when the minimum gate length allowed by a design rule is 
0.12 microns or less), the drain-to-source leakage 
current of the antifuse transistor 26 when the 
transistor is in an off condition can be minimized. 

15 To program the antifuse, the voltage of the 

substrate V S ub should generally be raised to about, 0.7 - 
1.0 volts above the source to forward bias the 
substrate-source junction. When the entire substrate of 
the integrated circuit is electrically interconnected, 

20 capacitive loading effects tend to resist efforts to 

raise the substrate voltage V SU b. Accordingly, a deep n- 
well isolation region 144 may be used to electrically 
isolate p-type region 66 from the rest of p-type 
substrate 146. As shown by dotted line 148 and n-well 

25 doping region 150, the n-type doping of the deep n-well 
isolation region may be extended along the surface of 
the structure to widen the area of isolation. 

When an n-well arrangement of the type shown 
in FIGS. 14a and 14b is used to. define a p-type 

30 substrate well portion 66, the amount of p-type 

substrate that needs to be brought up to the voltage 0.7 



- 1.0 volts during programming is significantly reduced. 
This lowers capacitive loading and makes programming of 
the antifuse more rapid. In addition, the deep n-well 
• can be electrically connected to the drain n+ region as 
5 shown in FIG. 14b. When the drain voltage ramps up 
during programming, it is capacitively coupled to the 
isolated p-substrate region 66 through the capacitance 
of the junction between the deep n-well 144 and the 
isolated p-substrate. This coupling helps raise the 
10 potential of the isolated p-substrate 66, which can 

reduce the programming voltage required for effective 

programming . 

The behavior of avalanche-breakdown antifuse 
transistors has been characterized using antifuse 
15 transistors of different sizes (without deep n-well 
isolation region 144) . 

Transistors with gate widths of 2 microns and 
gate lengths of 0.2 4 microns have be observed to have 
off (unprogrammed) resistances of about 880 MQ at 25C, 
20 unprogrammed resistances of about 176 MQ at 85C, and ■ 
programmed resistances of less than 1000 Q. The 
programming current for a 4.5 V programming pulse was 
observed to be about 25 uA for these transistors. 

Transistors with gate widths of 2 microns and 
25 gate lengths of 0.5 microns have been observed to have 

unprogrammed resistances of 1.83 GQ at 25C and 366 MQ at 
85C. Resistances of less than 1000 Q have been observed 
for these transistors following programming. The 
programming current for a 4.5 V programming pulse was 
30 observed to be about 32 yiA for these transistors. 

The unprogrammed (off) resistances of these 
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illustrative antifuse transistors is more than five 
orders of magnitude greater than the programmed 
resistances of the transistors. This provides good 
resolution between the high and low states at the output 
5 Vqut. The wide range between the programmed and 

unprogrammed resistance values also provides a large 
design window for the series resistor Rl . As power 
supply voltages scale with future improvements with 
process technology, the change in the unprogrammed 

10 resistance should not be large. In addition, the width 
of the antifuse transistor may be scaled down to 
maintain large enough unprogrammed resistances. Further 
improvements in antifuse performance (e.g., reduced 
programming voltage) may be obtained by using the deep 

15 n-well isolation region 140. The voltages required for 
avalanche breakdown should become lower as junction 
depths shrink and become more abrupt due to enhancements 
in process technology. 

Suitable programming powers for the 

20 illustrative antifuses have been observed to be lower 
than 150 yiW. Further reductions in the antifuse 
transistor dimensions may result in lower programming 
powers . 

The programming time may be 10ms or less. 

25 This short programming time allows many antifuses to be 
programmed in a relatively short time. Moreover, 
multiple antifuses may be programmed in parallel to 
further reduce the total programming time for the 
programming operation . 

30 The behavior of an antifuse circuit 

arrangement having a bias circuit based on a two-diode 



Zener-diode stack has also been characterized. Due to 
leakage current through the Zener diodes, the ratio of 
antifuse off resistance to on resistance is lower than 
when no bias circuit is used (i.e., three orders of 
5 magnitude rather than five orders of magnitude) . 

Nevertheless, the lower programming voltage that is 
achieved through the use of the bias circuit may make 
this bias circuit approach more attractive in certain 
applications . 

10 A flow chart of illustrative steps involved in 

programming the antifuse transistor 26 using an antifuse 
circuit 24 of the type described in connection with 
FIGS. 1-14 is shown in FIG. 15. At step 152, a 
programming voltage is applied across the antifuse. For 

15 example, in an NMOS-based antifuse arrangement, a 

positive voltage may be applied to the transistor's 
drain, while the gate and source of the transistor are 
grounded. The programming voltage may be generated by a 
charge pump or other internal circuitry or may be 

20 supplied from an external source (e.g., through a pin). 
With one suitable arrangement, a relatively high voltage 
such as the I/O power supply voltage that is already 
available on the integrated circuit for powering input- 
output circuitry on the integrated circuit may be used 

25 as the programming voltage. 

Application of the programming voltage at step 
152 raises the potential of the drain with respect to 
the transistor's substrate, thereby reverse biasing the 
drain-substrate junction and producing a reverse-bias 

30 avalanche breakdown current at the drain-substrate 
junction . 



At step 154, while the programming voltage is 
being applied to the antifuse transistor and while the 
drain-substrate junction is reverse biased, a voltage 
can be applied to the transistor's substrate/well region 
5 (SUB terminal) to forward bias the substrate-to-source 
p-n junction. In a NMOS configuration, for example, the 
source may be grounded. The voltage on the SUB terminal 
may be raised relative to the grounded source by 
allowing the drain-substrate avalanche breakdown current 

10 to flow through a resistor R2 that is connected between 
the substrate and ground. 

Forward-biasing the substrate-source p-n 
junction injects carriers into the substrate while the 
drain-substrate junction is reverse biased due to the 

15 application of the programming voltage. The, injected 
carriers help to turn on the antifuse transistor. 

Positive feedback can be created during 
programming. As the forward-biased substrate-source 
junction injects carriers into the substrate, the 

20 injected carriers increase the magnitude of the reverse- 
bias avalanche breakdown current at the drain-substrate 
junction. This increase in reverse-bias current leads 
to more current flowing through the resistor R2 . The 
increase in current flowing through resistor R2 causes a 

25 corresponding increase in the voltage drop across the 

resistor R2, which raises the potential of the substrate 
with respect to the source. Because this further 
forward-biases the substrate-source junction, positive 
feedback is created. 

30 The feedback produced during step 154 may be 

enhanced using an antifuse transistor structure of the 



type described in connection with FIG. 7 in which 
multiple parallel drain-substrate junctions are formed 
each having a different reverse-bias avalanche breakdown 
voltage. The feedback of step 154 may also be enhanced 
5 by using a suitable external bias circuit 88, as 
described in connection with the Zener-diode bias 
circuitry of FIGS. 9 and 10, the gated-diode bias 
circuitry of FIGS. 11 and 12, and the voltage-divider 
bias circuitry of FIG. 13. 

10 The circuitry that is used to apply the 

programming voltage to the antifuse and that- is used to 
apply suitable signals to the substrate terminal of the 
antifuse is shown as control circuitry 18 in FIG. 1. At 
step 156, the programming voltage and the substrate bias 

15 continue to be applied to the antifuse transistor by 

control circuitry 18 to produce a sufficient quantity of 
hot carriers in the vicinity of the drain to break down 
the gate oxide and program the antifuse. 

When a transistor arrangement of the type 

20 shown in FIGS. 14a and 14b is used for antifuse . 

transistor 26, the hot carriers are generated at the 
inner portions of the split gate that are adjacent to 
the drain. Regardless of the particular geometry that 
is used for the antifuse, however, hot carrier 

25 generation is asymmetric — more hot carriers are 

generated at one source-drain terminal (e.g., the drain) 
than are generated at the other source-drain terminal 
(e.g., the source). As a result, the portion of the 
gate oxide nearest the drain-source terminal that is 

30 injecting the hot carriers into the substrate (e.g., the 
gate oxide portion in the vicinity of the drain) is 
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exposed to the highest concentration of hot carriers. 
By stressing the gate oxide asymmetrically — i.e., by 
forcing the gate oxide to break down in the region in 
the vicinity of the a particular drain-source- terminal 
5 rather than uniformly under the entire gate, the 

efficiency of the programming process is significantly 
enhanced. 

At step 158, the transistor may be monitored 
to determine whether programming has been completed. 

10 For example, a feedback path such as feedback line 84 of 
FIG. 2 may be used to monitor when the output voltage 
Vout changes. When it is determined that the gate oxide 
has broken down so that the resistance of the antifuse 
is in its low state, programming can be considered to be 

15 complete and the control circuitry 18 can stop applying 
the programming voltage and substrate voltage to the 
antifuse transistor. If desired, the control circuitry 
can apply programming pulses of fixed voltages and 
duration (e.g., 10 ms) . When fixed voltages and 

20 durations are used, it is not necessary to monitor the 

antifuse transistor during programming to determine when 
programming is complete. 

After the antifuse has been programmed using 
the process of FIG. 15, the sensing circuitry associated 

25 with the antifuse may be used to sense its state. There 
are typically numerous antifuses on a given integrated 
circuit. The antifuse transistors that have been 
programmed have low resistances, whereas the antifuse 
transistors that have not been programmed have high 

30. resistances. The sensing circuitry can be used to 
produce corresponding voltage outputs (e.g., a high 
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voltage signal at an output terminal such as terminal 34 
when an antifuse is unprogrammed and has a high 
resistance or a low voltage signal at an output terminal 
such as terminal 34 when an antifuse has been programmed 
and has a low resistance) . 

Because the antifuses are programmed by 
breaking down a gate oxide without melting adjacent 
silicon, it is relatively difficult to use tools such as 
scanning electron microscopes to detect whether a given 
antifuse has been programmed. The antifuses may 
therefore be suitable for high-security applications. 

The foregoing is merely illustrative of the 
principles of this invention and various modifications 
can be made by those skilled in the art without 
departing from the scope and spirit of the invention. 



43 



